One Sentence Summary: The reduction in TB case incidence in southern and eastern Africa since year 2000 is due mainly to the expanded provision of antiretroviral therapy to people living with HIV, rather than to improvements in the treatment of TB infection and disease.
HIV/AIDS (UNAIDS) recommend primarily drug treatments to prevent TB disease (isoniazid preventive therapy, IPT, acting on M. tuberculosis infection, and antiretroviral therapy, ART, acting on HIV infection) and to prevent the further transmission of infection from HIV-positive and HIV-negative patients with TB disease (combinations of TB drugs) (4, 5) . The efficacy of these treatments has been demonstrated in experimental and observational studies (6) (7) (8) (9) (10) (11) and they have the potential markedly to reduce incidence nationally if high rates of coverage can be achieved in target populations (1, 2, (12) (13) (14) . In view of these empirical studies and forecasts, the purpose of the present retrospective analysis is to investigate, drawing on data collected annually since 1990, which of these recommended methods have in practice had the greatest impact on TB incidence in twelve African countries that carry high burdens of TB linked to HIV infection (map in supplementary materials). . The numbers of TB cases reported each year increased following the rise of HIV incidence and prevalence. The subsequent downturn in TB case incidence in both countries appeared to be associated with improvements in the proportion of TB cases successfully treated (i.e. proportion of cases detected × proportion successfully treated), but more obviously with the expanded coverage of ART. The scale-up of ART coverage from 2003 onwards was more rapid in Botswana than in South Africa (Figure 1 ), and the decline in TB incidence occurred earlier and more quickly. The provision of IPT, compared with ART for PLHIV and the treatment of TB patients, was very low in both countries (Figure 1 ).
To examine the effect of control measures systematically across all 12 countries, we begin with the effect of ART on TB incidence. The annual incidence rate of TB among PLHIV in year t can be estimated from ! " = $% "&' (1 − +, "&' ). In this model α is the per capita rate at which TB cases arise in the untreated population of PLHIV (H) after a delay of τ years (i.e. the incidence of TB disease), which depends on the prevalence and incubation period of M. tuberculosis in HIVpositive individuals and on the average age of HIV infection in PLHIV. In the absence of drug treatment of either M. tuberculosis or HIV infection, α would change little over the period 2003-16, so we take α to be constant in this analysis. A is the fraction of PLHIV receiving ART, which takes effect after τ years, and coefficient β scales the effect of ART under the hypothesis that ART prevents TB. If ART coverage is measured precisely, and if ART is the sole determinant of TB decline, then β measures the efficacy of ART in preventing TB (a value between 0 and 1). But if ART coverage is underestimated, or if other interventions add to the effect of ART, then β will overestimate ART efficacy (and may exceed 1). This model, and this analysis, do not explore the separate effect of ART on HIV, which is to interrupt viral transmission and to increase population prevalence by greatly improving survival and life expectancy (15) (16) (17) . For each of the 12 countries, T is obtained from routine surveillance data (annual TB case notifications), and from estimates of the proportions of cases detected and infected with HIV (4), and H and A from national estimates derived from national and subnational survey data (18) (supplementary materials). Rewriting the model as ! " /% "&' = $ − $+, "&' , parameters α and β can be estimated from a linear regression of ! " /% "&' on A, with intercept α and gradient -αβ. The time delay, τ, is set at 2 years, based on the fit of the regression model to data, and on the recovery rate of CD4 cell count after patients are started on ART (19) (supplementary materials). The number of HIV-positive TB cases prevented is obtained by comparing the numbers expected (modelled) under the hypothesis that ART prevents (β > 0, estimated) or does not prevent (β = 0, counterfactual) TB.
Between 2003 and 2016, ART coverage was highest on average, and the greatest fractions of HIV-positive TB cases were prevented, in Botswana, Namibia and Rwanda (Table 1; Figure 2 , column 4). South Africa prevented the greatest number of TB cases (570,000) between 2003 and 2016, being the country with the largest number of PLHIV (7.1 million in 2016). But South Africa prevented the smallest fraction of cases (12%) because ART coverage was relatively low on average (22%, Table 1 ).
These measures of ART as the putative cause of TB decline within each country could be confounded by other unmeasured factors that also change with time. However, the causal role of ART becomes clear when the results are compiled for all 12 countries: Figure 3a shows that the estimated fraction of HIV-positive TB cases prevented by ART was strongly associated with the provision of ART (r 2 = 0.64, p < 0.001). Based on the fit of the model to data for each of the 12 countries ( Figure 2 , column 4), a total of 1.76 million HIV-positive TB cases were prevented by ART over the period 2003 to 2016, or 15.9 percent of the total number expected. Alternatively, the number of TB cases prevented can be calculated from the systematic, region-wide association with ART coverage (Figure 3a Table 1 ). This variation among countries is not surprising given the diversity of surveillance, survey and estimation methods upon which these calculations are based. The average value of β is somewhat higher than estimates of ART efficacy reported from a previous meta-analysis of experimental trials and cohort studies, which calculated efficacy overall as 0.65 (95%CL 0.56-0.72), rising to 0.84 (95%CL 0.64-0.93) for patients with CD4 cell counts less than 200 cells/ml (8) . The present estimates of β may be higher (and >1 for some countries) because our model assumes that ART coverage is measured precisely (i.e. not underestimated), and that ART is the sole reason for TB decline even though other factors could have contributed, including the treatment of TB infection and disease. For this reason, our estimates of the number of HIV-positive TB cases prevented should be considered upper bounds; that is, up to 1.92 million HIV-positive TB cases prevented.
Considering the possible role of other interventions, there is little evidence that the treatment of TB directly, either prophylactic drug treatment of M. tuberculosis infection (IPT) or the treatment of TB disease with combinations of drugs, contributed substantially to the rapid decline in TB incidence as ART was rolled out in these 12 countries between 2003 and 2016.
First, IPT used continuously with ART generally gives coinfected adults additional protection from TB, augmenting that provided by ART alone (9) (10) (11) 20) . In the 12 countries investigated here, the coverage of IPT among PLHIV over the period 2003-16 was generally low (Table 1) (Table 1) . Thus IPT may have protected thousands of coinfected people from developing TB in Malawi, South Africa and Zimbabwe, but the effect on TB incidence at population level would have been relatively small in these three countries, and negligible in the other nine.
Second, the detection of infectious, pulmonary TB cases early in the course of illness, followed by successful drug treatment, should interrupt the transmission of M. tuberculosis, thereby reducing TB incidence in the rest of the population, including drug-resistant TB and TB among PLHIV (3, 12, 14) . Fewer infections would be transmitted from both HIV-positive and HIVnegative TB patients, but especially the latter who are generally responsible for more transmitted infections per capita (3). The proportion of patients detected and successfully treated (overall and for HIV-positive TB patients) did improve in the majority of countries between 2003 and 2016 as TB incidence declined, though not in Malawi, Uganda and Zambia (Table 1 ; Figure 2 , column 1). However, in contrast to the effect of ART, there was no association between the change in proportion of TB cases successfully treated and the estimated proportion of TB cases prevented across the 12 countries, either for all TB ( Figure 3b , r 2 = 0.02, p > 0.05) or for HIV-negative TB (supplementary materials). We therefore reject the hypothesis that TB treatment was responsible for the systematic decline of TB across the 12 countries.
Taken together, these results suggest that ART should continue to be a high priority for TB control, as well as for HIV/AIDS prevention and treatment, in southern and eastern Africa. One reason why ART has been relatively effective in preventing TB disease among PLHIV, compared with the TB case detection and treatment, is that the risk to coinfected people of developing TB increases over a period of years (1-3). Such a long latent period offers the opportunity to discover coinfected people, coupling HIV testing with ART treatment, before they progress to infectious disease. On the contrary, to stop transmission from patients with active TB requires rapid diagnosis because pulmonary disease, once established, is immediately infectious.
Our results do not imply that drug treatment of M. tuberculosis infection or TB disease could not accelerate TB decline in populations with high rates of M. tuberculosis and HIV coinfection, if these interventions can be implemented promptly, widely and continuously. Nor do they imply that the improved treatment of infection and disease had no effect in any country over the period . In an analysis of any single country, the effects of TB and HIV drug treatments on TB incidence are potentially confounded, hence our emphasis on cross-country, region-wide effects ( Figure 3 ).
With regard to TB preventive therapy, while millions of PLHIV now receive ART continuously in southern and eastern Africa, a relatively small number also receive IPT (4, 20) . In this context, South Africa's success in starting more than 350,000 patients on IPT in 2016, over half of those enrolled in HIV/AIDS care in that year, will add wisdom on how to identify candidates for IPT (recognizing that efficacy is greater for those who are tuberculin skin test positive, and that patients with TB disease must be excluded), on how to maintain adherence to prolonged prophylaxis (typically, daily treatment for 6 months), and on how to manage the liver toxicity that affects a small fraction of patients on isoniazid (21) .
Concerning the detection and treatment of TB patients, the mainstay of TB control worldwide, the most important recent trend in Africa has been a sharp growth in the number of TB patients tested for HIV infection. Across Africa in 2016, 82% of reported TB patients had a documented HIV test result, up from just 2% in 2004 (4). Having been tested for HIV, TB patients become eligible for ART, increasing the chance of successful treatment and reducing the risk of death.
But far less progress has been made in finding and treating TB among PLHIV, and among HIVnegative people living in settings with high rates of coinfection. And yet both are imperative for TB control, and ultimately for TB elimination (3). To find infectious TB cases earlier among people with and without HIV infection requires a greater awareness of TB and HIV among people at risk, and a more active approach to TB diagnosis at home, in the community and in health facilities (22) (23) (24) (25) .
This analysis has revealed large variations among countries in the estimated fraction of TB cases prevented by ART, linked to differences in ART coverage. The reasons for these differences in coverage need to be understood because they are likely to influence the future success of HIV and TB control programmes. Botswana prevented the largest fraction of TB cases between 2003 and 2016 by achieving the highest coverage of ART. Since independence in 1966, Botswana has invested in public services to tackle ill health and poverty (26) and, in that broader context, was the first African country to provide universal free ART (27) . South Africa prevented the smallest fraction of TB cases among the 12 countries investigated here. Following controversy over the link between HIV and AIDS, South Africa was slower to expand treatment for PLHIV, but now has the largest number of people on ART and IPT worldwide. More recently, South Africa was the first country in the region to approve pre-exposure prophylaxis (PrEP), in which ART protects HIV-negative people from acquiring infection. Consistent with these recent developments, the rate of TB decline among PLHIV has accelerated to 4.6%/year between 2010 and 2016 (cf 0.5%/year in Table 1 ).
From a global perspective, TB incidence is falling far too slowly (2%/year) to reach international targets, and TB is still the largest cause of death from a single infectious agent worldwide (4) . The WHO End TB Strategy aims to cut the TB incidence rate worldwide by 80% between 2015 and 2030 (i.e. 10%/year). Given the slow pace of technological development in TB control ─ including diagnostics, drugs and vaccines (4) ─ there is a strong argument for maximizing the effectiveness of all the tools that are currently available. The best strategy for doing so will vary from one setting to another but, for populations suffering high rates of TB-HIV coinfection, ART is evidently a leading intervention.
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